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Nuclear Retention of Unspliced mRNAs
in Yeast Is Mediated by Perinuclear Mlp1
defect, while the mRNA transport factors such as Sub2
(Strasser and Hurt, 2001) are also required for splicing
(Kistler and Guthrie, 2001; Libri et al., 2001; Zhang and
Vincent Galy,1,3,4 Olivier Gadal,1,3
Micheline Fromont-Racine,2 Alper Romano,1
Alain Jacquier,2,* and Ulf Nehrbass1,*
Green, 2001). Evidently, the sharing of factors necessi-1Unite´ de Biologie Cellulaire du Noyau
tates a tight coordination in the sequential nature ofCNRS URA 2582
these processes (Jensen et al., 2003). Another process2 Unite´ de Ge´ne´tique des Interactions
that brings the nuclear export and splicing machineriesMacromole´culaires
into close functional context is the nuclear retention ofCNRS URA 2171
intron-containing mRNAs. For intron-containing mRNAsInstitut Pasteur
to stay in the nucleus, export mechanisms have to re-25 rue du Docteur Roux
main disengaged or futile until the completion of the75724 Paris Cedex 15
splicing process. The principle of nuclear pre-mRNAFrance
retention hinges critically on wild-type levels of un-
spliced mRNAs. Drastic increases in the amounts of
intron-containing pre-mRNAs, as is the case for mostSummary
splicing mutants, eventually result in some leakage of
intron-containing mRNAs into the cytoplasm. Accord-The molecular mechanism underlying the retention of
ingly, mutations impairing splicing factors Prp6, Prp9,intron-containing mRNAs in the nucleus is not under-
the U1 snRNA (Legrain and Rosbash, 1989), Mud2, orstood. Here, we show that retention of intron-con-
the cap binding complex CBC lead to leakage of pre-taining mRNAs in yeast is mediated by perinuclearly
mRNAs (Rain and Legrain, 1997). With the exception oflocated Mlp1. Deletion of MLP1 impairs retention while
Prp6, all these factors are involved in early steps ofhaving no effect on mRNA splicing. The Mlp1-depen-
intron recognition that precede complete spliceosomedent leakage of intron-containing RNAs is increased in
formation (reviewed in Kramer, 1996). Also, an intact 5presence of ts-prp18, a splicing mutant. When overall
splice site (5SS) and branchpoint binding sites for thepre-mRNA levels are increased by deletion of RRP6,
U1 and U2 snRNP complexes, are required for the nu-a nuclear exosome component, MLP1 deletion aug-
clear retention of pre-mRNAs (Legrain and Rosbash,ments leakage of only the intron-containing portion
1989; Rain and Legrain, 1997). Splicing and retention,of mRNAs. Our data suggest, moreover, that Mlp1-
therefore, are closely linked and to date no mutant hasdependent retention is mediated via the 5 splice site.
been found that allows to functionally separate splicing
Intriguingly, we found Mlp-proteins to be present only
from leakage defects. Furthermore, as all factors in-
on sections of the NE adjacent to chromatin. We pro- volved in nuclear export of mRNAs in yeast bind indis-
pose that at this confined site the perinuclear Mlp1 criminately to both intron-containing and intron-free
implements a quality control step prior to export, phys- mRNAs (Strasser and Hurt, 2001), differential nuclear
ically retaining faulty pre-mRNAs. export mechanisms cannot account for retention of pre-
mRNAs. Lack of pre-mRNA export under WT conditions
Introduction might thus result from splicing kinetically out-competing
export. In addition, however, there is evidence pointing
The splicing of introns from premature messenger RNAs toward active retention of intron-containing mRNAs to
precedes the export of mRNAs from the nucleus. This an intranuclear structure via components of the splicing
sequential coordination of splicing and export is a basic machinery. Support for such an active retention model
feature of all eukaryotic life. It is essential to prevent comes from work of the Dreyfuss laboratory (Dreyfuss
intron-containing transcripts from being translated in et al., 2002) as well as from data from Rutz and Seraphin
the cytoplasm. How intron-containing RNAs are retained (2000). Mutants in MSL5, a gene coding for BBP/SF1
protein (or SF1), a splicing component involved in re-in the nucleus is not known.
cruiting the U2 snRNP to the branchpoint, lead to aTranscription, splicing, and nuclear export of mRNAs
strong defect in nuclear retention of intron-containingare closely interrelated processes, which, in part, share
mRNAs while having only mild effects on splicing in vivocommon molecular machinery. Sub2 and Yra1, for ex-
and no effect in vitro (Rutz and Seraphin, 2000). Althoughample, interact with the RNA polymerase II dependent
these data do not distinguish between splicing and leak-transcriptional THO machinery (Strasser et al., 2002),
age, Rutz and coworkers found that the msl5 ts mutantsplicing factors, and the export specific transport ma-
is synthetic lethal with components of the nonsense-chinery at the nuclear envelope (Reed, 2003). It is symp-
mediated decay (NMD) pathway, suggesting that one oftomatic for the interdependence of these processes that
the essential functions of SF1 lies in the retention ofmutations in THO constituents reveal an mRNA export
pre-mRNAs. Accordingly, the splicing factor SF1 could
have an additional role in anchoring intron-containing
*Correspondence: jacquier@pasteur.fr (A.J.), nehrbass@pasteur.fr
mRNAs to a structural nuclear component (Rutz and(U.N.)
Seraphin, 2000). However, confirmation of this hypothe-3These authors contributed equally to this work.
sis hinges upon the identification of such a structural4Present address: Gene Expression Program, EMBL Heidelberg,
Meyerhofstrasse 1, D-69117 Heidelberg, Germany. binding partner. The retention model would predict that
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Figure 1. Mlp1 Is Asymmetrically Distributed on the Nuclear Pore Complex
(A) Mlp1 is excluded from the nucleolus. Strain OGP110-1a bearing the pUN100-CFP-NOP1 plasmid was grown at 30C to mid-log phase (OD600
0.5) in YPD. Mlp1-YFP (green), CFP-Nop1 (red) signals were monitored by fluorescence microscopy as described in experimental procedures.
(B) Mlp1 is associated with a subpopulation of nuclear pore complex. Strain OGP110-1a bearing the pUN100-CFP-NUP49 plasmid was
examined. Mlp1-YFP (green), CFP-Nup49 (red) and Hoechst 33352 (DNA) signals were monitored by fluorescence microscopy. Scale bar is
equal to 2 m.
deletion of such a structural component would lead to (Feuerbach et al., 2002; Galy et al., 2000). In the process
of setting up a genetic assay to find further nuclearleakage of intron-containing mRNAs without affecting
processes depending on the perinuclear Mlp, we firstthe splicing process itself. Our results suggest that the
analyzed the previously described topography of Mlp-structural protein Mlp1 is an asymmetric perinuclear
proteins (Strambio-de-Castillia et al., 1999) in more de-docking partner required, together with the nucleoporin
tail. Intriguingly, we found Mlp proteins to be present inNup60, for the nuclear retention of intron-containing
only a subsection of the nuclear envelope. The distribu-mRNAs, but not for mRNA splicing.
tion of Mlp-proteins relative to the nucleolus was as-
sessed in living cells employing the fusion proteins
Results Mlp1-YFP, Mlp2-YFP, and the nucleolar marker CFP-
Nop1 (Gadal et al., 2002). The signals of Mlp1-YFP reveal
Mlp Proteins Are Excluded from NPCs Adjacent significant asymmetry in their distribution, with U-shaped
to the Nucleolus signals covering only a portion of the nuclear envelope
We have recently shown that Mlp1 and Mlp2, coiled- (Figure 1A). Colabeling with the Nop1-CFP marker fur-
coil extensions of the nuclear pore complex, form a ther shows that the Mlp1 signal is exclusively present
structural platform at the nuclear periphery involved in in the part of the nuclear envelope juxtaposed to chro-
matin. Accordingly, the nucleolus and the Mlp1-con-the organization of functional nuclear subcompartments
pre-mRNA Retention Is Mediated by Perinuclear Mlp1
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Figure 2. Mlp1 and Mlp2 Are Excluded from Nucleoli-Associated Pore Complexes
Strains YVG267 (Nup60-GFP), OGP110-1a (Mlp1-YFP), OGP111-1a (Mlp2-YFP), bearing the pUN100-CFP-NOP1 plasmid, were grown and
examined by fluorescence microscopy for YFP or GFP (green), CFP (red) and Hoechst 33352 (DNA) signals. Scale bar is equal to 2 m.
taining perinuclear domain are fully separated in vivo. vive in the absence of the URA3-containing pHT-MLP
plasmid on 5-FOA medium at 30C and had temperature-The same localization was observed with an untagged
Mlp1, showing that this localization is not due to the sensitive growth defects (data not shown). A plasmid
carrying only PRP18 rescued temperature-sensitiveYFP fusion (data not shown). This finding is surprising
as nuclear pore complexes, which tether Mlp-proteins growth of YVG133 and restored the sectoring phenotype
(data not shown). To independently verify the mutation,to the nuclear periphery, are distributed evenly over the
NE (Winey et al., 1997). We further addressed this point we cloned and sequenced the PRP18 gene from the
genome of YVG133 and found a stop codon in positionby comparing Mlp1-YFP distribution with that of CFP-
Nup49, an abundant nucleoporin fusion protein classi- AA8 of the PRP18 ORF. We named now this mutation
prp18. Together, these data show that MLP1 deletioncally used to study pore distribution in vivo (Wimmer et
al., 1992). Figure 1B demonstrates that the U-shaped is synthetically lethal with the inactivation of splicing
factor Prp18.Mlp1-YFP distribution leaves nuclear pores over a con-
tinuous section of the nuclear envelope devoid of any PRP18, deletion of which confers a temperature-sen-
sitive phenotype, has been shown to be involved in thedetectable Mlp1 signal. We were able to further confirm
the disparity between Mlp and NPC distributions by second step of splicing both in vivo (Vijayraghavan and
Abelson, 1990) and in vitro (Horowitz and Abelson, 1993).generating fusion protein with another nucleoporin,
Nup60. Mlp1 and Mlp2 share the asymmetry in their To address the functional cause of synthetic lethality
between prp18 and mlp1, we transformed strainsperinuclear localization, while Nup60 like Nup49, is dis-
tributed all around the nuclear envelope (Figure 2). To prp18 and mlp1 with the splicing reporter construct
pJCR51 (Legrain and Rosbash, 1989; Rain and Legrain,our knowledge, Mlp-proteins are the first components
of the NE to reveal any asymmetry. 1997). pJCR51 expresses a lacZ gene containing an
artificial intron. We first compared the ratio of lacZ mRNA
to intron-containing lacZ pre-mRNA in the various mu-Mlp1 Is Not Required for Splicing but Becomes
Essential in Absence of the Prp18 tant strains. Figures 3A and 3B show that PRP18 deletion
leads to a significant splicing defect, as previously re-Splicing Factor
In order to identify processes that utilize the asymmetric ported (Vijayraghavan and Abelson, 1990), which be-
comes more pronounced by shifting cells to nonpermis-Mlp distribution, we performed a synthetic lethal screen
(Galy et al., 2000). After UV-mutagenesis of approxi- sive temperature (Figures 3A and 3B). In contrast,
deletion of either MLP1 or MLP2 or both genes givesmately 20,000 colonies, one of the red clones (YVG133;
Supplemental Table S1 available at http://www.cell. no detectable defect in splicing, even in the case of the
poorly spliced artificial intron. Figure 3A also shows thatcom/cgi/content/full/116/1/63/DC1), was unable to sur-
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Figure 3. Mlp1 Is Not Required for mRNA
Splicing, but For Nuclear Retention of Un-
spliced mRNAs
(A) Primer extensions, analyzed on 5% acryl-
amide-urea gels, were performed using oligo-
nucleotide MFR281 (Supplemental Table S2
available on Cell website) and total RNA from
strain BMA64-1a (WT), YVG1 (mlp1), YVG3
(mlp2), YVG12 (mlp1 mlp2), and YVG293
(prp18) bearing pJCR51 (containing an arti-
ficial intron) at 30C or 37C. LI indicates the
lariat intermediate molecule.
(B) Quantification of the pre-mRNA/mRNA ra-
tio. Signals corresponding to pre-mRNA and
mRNA were quantified and expressed in
comparison to the wild-type ratio. Note that
multiple bands result from multiple initiation
start sites.
(C) prp18 mlp1 synthetic lethality is not
linked to a splicing defect. The mutant yeast
strains YVG1 (mlp1), YVG293 (prp18),
YVG133 (mlp1 prp18), and an isogenic
wild-type strain BMA64-1a (WT) were trans-
formed with the plasmid reporters for splic-
ing: no intron (pLGSD5) or pre-mRNA (pJCR51)
(Legrain and Rosbash, 1989). The cells were
shifted in 2% galactose-containing medium
for 2 hr before -galactosidase assay. To
check for nonpermissive growth conditions,
the cells were shifted at 37C for 2 hr 30 min.
-galactosidase activity was expressed as
the percentage of the activity of an intron-
free reporter in each strain.
(D) The nuclear retention defect of pre-
mRNAs in mlp1 and prp18 mutants is syn-
ergistic. The mutant yeast strains YVG1
(mlp1), YVG3 (mlp2), YVG293 (prp18),
YVG12 (mlp1 mlp2), YVG133 (mlp1
prp18), LMA191 (msl5-2), and their respec-
tive isogenic wild-type strains BMA64-1a
(WT) and LMA190 (MSL5) were transformed
with the plasmid reporters for pre-mRNA re-
tention: no intron (pLGSD5) or in-frame pre-
mRNA (pJCR1) (Legrain and Rosbash, 1989).
The experiments were performed at 30C or
37C. At least two experiments were done in
triplicate and errors were calculated as the
cumulative maximal error from the standard
deviations of the measured values.
the prp18 strain does not reveal an increase of pre- lower temperatures (23C). Again, no splicing defect
could be detected in mlp1 cells at 30C (data notmRNAs but rather an increase of the ratio of intron-
exon2 lariat intermediate over spliced mRNAs, consis- shown). After a 2 hr 30 min shift to 37C, a nonpermissive
temperature for prp18, cells were still alive, able totent with earlier studies that showed, that Prp18 acts
after the first splicing step. Therefore, neither Mlp1 nor transcribe, export, and translate the reporter gene. In
these conditions, a strong decrease for LacZ expressionMlp2 appeared required for splicing in vivo.
We next measured splicing efficiency using the was observed in prp18, consistent with earlier studies
(Vijayraghavan and Abelson, 1990), while no significant-galactosidase activity derived from the splicing re-
porter construct pJCR51. As previously described (Le- effect was observed for mlp1 (Figure 3C). After the
shift to nonpermissive temperature, the mlp1/prp18grain and Rosbash, 1989; Rain and Legrain, 1997), splic-
ing efficiency was expressed as the percentage of double mutant showed a defect in splicing similar to
prp18 alone (Figure 3C). The genetic interaction in-pJCR51 derived -galactosidase activity compared to
-galactosidase expressed from the intronless control between prp18 and mlp1 is therefore not linked to
an additive splicing defect.pLGSD5 plasmid in order to compensate for mRNA
splicing-independent expression variations. In addition,
in order to study the double mutant mlp1 prp18, we Both mlp1 and prp18 Are Defective for Nuclear
Retention of Unspliced mRNAsdefined growth conditions where the two mutations
were not synthetic lethal. The two mutations, synthetic Since Mlp1 does not seem to be involved in the splicing
process, we looked for a possible role of Mlp1 in thelethal at 30C, could be combined and were viable at
pre-mRNA Retention Is Mediated by Perinuclear Mlp1
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nuclear retention of unspliced pre-mRNAs. In order to an increase in intron-containing mRNAs should reveal
measure the amount of intron-containing mRNAs trans- increased pre-mRNA leakage upon deletion of MLP1.
lated in the cytoplasm, we used a “pre-mRNA leakage” We therefore tested for MLP1-dependent pre-mRNA
reporter plasmid (pJCR1) that allows lacZ translation leakage in an rrp6 strain. Rrp6 is a nuclear component
only in the absence of splicing (Legrain and Rosbash, of the exosome, a large complex of exonucleolytic en-
1989; Rain and Legrain, 1997). As for the splicing re- zymes responsible for RNA maturation/degradation (Hil-
porter, leakage is expressed as the ratio of pJCR1 (pre- leren et al., 2001). RRP6 deletion is known to stabilize
mRNA) derived -galactosidase activity over the pre-mRNAs, thus dramatically increasing pre-mRNA
-galactosidase activity derived from control plasmid levels independently of splicing (Bousquet-Antonelli et
pLGSD5 (no intron). In a wild-type situation, this value al., 2000). We introduced pJCR1 or the control pLGSD5
is very low, within the range of 0.5%, showing that mRNA plasmids in wild-type, mlp1, rrp6, or rrp6/mlp1
retention is a very effective process in yeast, as pre- double-mutant cells in a BY4741 genetic background. In
viously shown (Legrain and Rosbash, 1989). Surpris- this genetic background, we again observed the mlp1-
ingly, we found sustained leakage of pre-mRNAs in dependent pre-mRNA retention defect. In rrp6, we also
mlp1 cells (Figure 3D). The prp18 mutation also led observed a substantial increase of the pre-mRNA-
to leakage of intron-containing mRNAs. Deletion of dependent -galactosidase activity when normalized to
MLP2 had no effect on the nuclear retention of pre- the control without intron (Figure 4A). At least part of
mRNAs, and double deletion mlp1 mlp2 was similar this increase could be attributed to the increase of the
to a deletion of MLP1 alone (Figure 3D). In accordance total amount of pre-mRNAs (Figure 4B). In addition, Rrp6
with the data obtained with the splicing reporter con- could play a role in retention of pre-mRNAs at or near
struct (pJCR51, see above), the increase of pJCR1 medi- the transcription site (Jensen et al., 2003). When the
ated LacZ expression is not associated with an increase mlp1 mutation was combined with the rrp6, leakage
of pre-mRNAs in either mlp1 nor prp18 cells (data of pre-mRNAs was enhanced without revealing a corre-
not shown and see below, Figure 6D). Accordingly, the lated increase of pre-mRNAs (Figures 4A and 4B). It
increase of translated pre-mRNAs in mlp1 cells does demonstrates that also pre-mRNAs, which accumulated
not correlate with an increase in the amount of pre- in a splicing-independent fashion, will leak in the ab-
mRNAs, implying that upon MLP1 deletion a substantial sence of Mlp1.
fraction of the pre-mRNAs escapes the nuclear intron In order to directly visualize nuclear retention, we em-
retention process. This suggests that Mlp1 is involved ployed FISH to locate lacZ mRNAs derived from pJCR1
in active retention of pre-mRNAs in a process distinct (with intron) and pLGSD5 (without intron) in the wild-
from splicing itself. type, rrp6, and rrp6/mlp1 background (see Figure
Within the context of functions previously associated 4C for quantification). In wild-type cells, some weak
with Prp18, the prp18-dependent leakage of intron- nuclear accumulation was detected. In rrp6 cells, we
containing RNAs was unexpected (Figure 3D). Pre- observed an increase in nuclear signal from both con-
mRNA retention must result from an early intron recogni- structs (with or without intron), forming large clusters
tion process, taking place before the first splicing step at the nuclear periphery. In accordance with work by
and thus well before the stage at which Prp18 is known Hilleren et al. (2001), rrp6 releases premature tran-
to function. Therefore, the pre-mRNA leakage pheno- scripts but this release does not increase nuclear export.
type observed in prp18 cells cannot be simply ex- However, the additional deletion of MLP1 specifically
plained by its previously reported role in splicing. This diminishes nuclear accumulation of the intron-con-
points toward a second role of the splicing factor Prp18 taining signals, leaving only a weak nuclear signal. This
in formation of the commitment complex, although we decrease in nuclear signal is mirrored by an increase
cannot speculate on whether this reflects a direct or
in the translation of the cytoplasmic pool (Figure 4A).
indirect functional involvement of Prp18. To test whether
Together, these results confirm that MLP1 inactivation
the synthetic lethality of mlp1 and prp18 resulted
in an rrp6 mutant background results in leakage offrom additive pre-mRNA retention defects, we analyzed
pre-mRNAs.leakage in the mlp1/prp18 double mutant at nonper-
missive temperature. Figure 3D shows that, in contrast
Mlp1 Specifically Traps Intron-Containing mRNAsto the splicing assay, leakage of intron-containing
A role of Mlp1 in RNA retention would be most easilymRNAs increased dramatically in the mlp1/prp18
explained by a physical interaction (direct or indirect)background when compared to the mlp1 and prp18
between the intron-containing mRNAs and Mlp1. In-single mutants. The degree of leakage was similar to
deed, some RNP binding proteins have previously beenthat of a temperature sensitive mutant of MSL5, the
demonstrated to bind to Mlp1 (Green et al., 2003; Kosovastrongest leakage phenotype described thus far. The
et al., 2000) and cells overexpressing Mlp1 were founddata show that the combination of the prp18 and the
to form intranuclear Mlp1-aggregates, which colocalizemlp1 mutations leads to strong, synergistic leakage,
with poly-dT probes by FISH (Kosova et al., 2000; Stram-likely lowering pre-mRNA levels to a point that be-
bio-de-Castillia et al., 1999). Following up on these find-comes lethal.
ings, we showed that the interaction with Mlp1 clusters
was specific to mRNAs, as no association with eitherAfter rrp6-Dependent Increase of Nuclear mRNA
tRNAs or SRP RNA was detected (data not shown). ToLevels, MLP1 Deletion Affects Leakage
test whether some of the polyA signal in Mlp1 clustersof Intron-Containing mRNAs
is preferentially derived from intron-containing mRNAs,A generic role for Mlp1 in retention of intron-containing
mRNAs would suppose that any mutation leading to we transformed cells with plasmids carrying either the
Cell
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Figure 4. Mlp1-Dependent Export of Un-
spliced mRNAs in rrp6
(A) Mlp1 and Rrp6 are both required for nu-
clear pre-mRNA retention. The mutant yeast
strains, in BY4741 background, LMA268
(mlp1), Y01777 (rrp6), LMA269 (rrp6mlp1),
and the isogenic wild-type strain BY4741
(WT) were transformed with the plasmid re-
porters for pre-mRNA retention: no intron
(pLGSD5) or in-frame pre-mRNA (pJCR1) (Le-
grain and Rosbash, 1989). The cells were
grown at 30C and the -galactosidase assay
was performed as described in Figure 3.
(B) Primer extension analysis of total RNA as
described in Figure 3A.
(C) Mlp1 specifically retains intron-containing
mRNAs in rrp6. Strains BY4741 (WT), Y01777
(rrp6), or LMA269 (rrp6 mlp1) were trans-
formed with either pLGSD5 (without intron)
or pJCR51 (with intron). LacZ was detected
with a specific CY3 conjugated-oligonucleo-
tide probe as described previously (Long et
al., 1995). Quantification was performed and
the nuclear signals were normalized using
wild-type level.
MLP1 gene or Ty5 DNA under control of the GAL10 partner mediating the interaction between intron-con-
taining mRNAs and Mlp1. One such candidate factor ispromoter. Both strains were further transformed with a
plasmid expressing the lacZ gene either with or without SF1, a mutant of which has previously been shown to
an artificial intron under control of the GAL10 promoter. reveal a strong retention defect (Rutz and Seraphin,
Upon Mlp1 overexpression, intranuclear accumulation 2000). Interestingly, as shown in Figure 6A, we found
of lacZ-specific signal was detected by FISH (Figure SF1 to interact with Mlp1 in vivo, with this interaction
5A). As shown in Figure 5B, the nuclear lacZ FISH signal depending on the presence of intact RNAs. Furthermore,
was considerably enhanced in the case of transcripts we checked for the presence of Mlp1 in SF1-myc immu-
derived from the intron-containing lacZ gene, and not, noprecipitates. Since Mlp2 interacts with Mlp1 (directly
or to a much lower extent, from intronless lacZ mRNAs. or via Nup60) we used Esc1 as control, a protein very
By overexpressing a GFP-tagged version of Mlp1, we similar to Mlps in size and structure, which also plays
demonstrate that the Mlp1-dependent GFP signal colo- a role in silencing at the nuclear periphery (Andrulis et
calizes efficiently with the intron-containing lacZ mRNAs al., 2002). As can be seen in Figure 6B, SF1 interacts
(Figure 5C). In several cells, an additional intron-con- with Mlp1 and to a lesser degree with Mlp2, but not
taining lacZ-dependent FISH signal can be seen outside with Esc1. As SF1 is known to specifically bind to the
of the Mlp1-GFP clusters, which may be due to further branchpoint region of intron-containing RNAs, the inter-
Mlp1 accumulation outside the cluster or due to addi- action of Mlp1 with SF1 reflects on the presence of a
tional intranuclear retention sites. Together these data complex between Mlp1 and unspliced pre-mRNAs in
show that intranuclear Mlp1 clusters preferentially inter- vivo (Berglund et al., 1998). The RNase sensitivity further
act with intron-containing mRNAs. This finding is in good suggests that Mlp1 interacts with a region distinct from
accordance with a role of Mlp1 in the retention of intron- the intron branchpoint region marked by SF1.
containing mRNAs. As proper retention of intron-containing mRNAs re-
quires an intact 5SS and branchpoint (Legrain and Ros-
bash, 1989; Rain and Legrain, 1997), we further testedMlp1-Based Retention of Pre-mRNAs Requires
an Intact 5 Splice Site how the effects of weak 5SS or branchpoint mutants
are additive with either the mlp1 or the prp18 muta-To further understand the molecular mechanisms of nu-
clear retention, we tried to identify the potential docking tions with respect to pre-mRNA leakage. The 5SS mu-
pre-mRNA Retention Is Mediated by Perinuclear Mlp1
69
Figure 5. Mlp1 Overexpression Preferentially
Traps Intron-Containing mRNAs
(A) Mlp1 overexpression led to nuclear accu-
mulation of intron-containing mRNAs. Strain
BMA64-1a was transformed with either
pRS324-GAL-Mlp1 or empty plasmid and with
either pLGSD5 (without intron) or pJCR51 (with
intron). Overexpression of both Mlp1 and lacZ
mRNA was induced for 2 hr by addition of
galactose to a final concentration of 2%. LacZ
mRNA was detected as in Figure 4C. Scale
bar is equal to 5 m.
(B) Quantification was performed for pLGSD5
( int.) or pJCR51 ( int.) derived signal. The
measured values were normalized using wild-
type level of the intron-containing construct.
(C) Mlp1 and RNA derived from intron-con-
taining construct colocalize. Strain BMA64-
1a was transformed with pRS324-GAL-GFP-
MLP1 and pJCR51. Mlp1-GFP (green), lacZ
mRNA expressed from intron-containing
gene (red) and DNA (blue) are shown. Scale
bar is equal to 2 m.
tant/GUAUGU to GcAUGU (here called mut5SS) and Nuclear Architecture and Unspliced
mRNA Retentionthe branchpoint mutant UACUAAC to UACUAAg (here
called mutBP) were the weakest known mutants with Mlp-proteins are docked into the perinuclear location
through Nup60, a nucleoporin only present at the nu-regard to leakage in the pJCR1 background for these
two consensus sequences respectively (Rain and Le- cleoplasmic face of NPCs. The interaction between Mlp2
and Nup60 has been demonstrated by double hybridgrain, 1997). Splicing of the mutBP-mutated pJCR1 tran-
script is already almost completely abrogated even in interaction and deletion of NUP60 leads to mislocaliza-
tion of both Mlp1 and Mlp2 (Feuerbach et al., 2002), anwild-type cells. The mRNAs can no longer be detected
by primer extension (Figure 6D); yet, this pre-mRNA is effect apparently specific to NUP60, as deletion of other
nucleoporins, such as NUP2, NUP53, or NUP42, leavesstill quite efficiently retained within the nucleus (less
than 2.5% leakage in the wild-type; Figure 6C). In the Mlp-localization unchanged (Figure 7A). We therefore
wanted to know whether the nup60-dependent releasemlp1 strain, however, this pre-mRNA leaks massively
(25% leakage). Strikingly, the mlp1 mutation had an of Mlp1 would functionally reproduce the leakage defect
associated with MLP1 deletion. Measurement of pre-additive effect only with the branchpoint mutant, show-
ing no effect on the 5SS mutant whereas the prp18 mRNA leakage in nup60, nup2, nup42, and nup53
cells (Figure 7B) shows that NUP60 deletion causes amutation had a strong additive effect on both the 5SS
mutation and the branchpoint mutation with respect to severe pre-mRNA retention defect, while leakage in the
other nucleoporin mutants is not detectable or muchleakage (Figure 6C). These data show that the mlp1
and prp18 mutations behave differently with respect weaker. However, nup60, unlike mlp1, also reveals a
reproducible-splicing defect, namely a 2-fold increaseto retention of pre-mRNAs with weakened 5SS or
branchpoint sequences, strongly suggesting that they of pre-mRNA over mRNA with the artificial intron of
pJCR51 and 1.8-fold increase of pre-mRNA over mRNAact at distinct molecular levels
As expected, the mlp1mutation induced no variation with the wild-type RP51A intron (data not shown). Fur-
thermore, the nup60mutant does not share the specificin the RNA profiles of the wild-type, the 5SS and the
branchpoint mutant constructs. We, moreover, noticed features of Mlp1-dependent retention: where the mlp1-
dependent pre-mRNA leakage responds only towardthat for the weakened mut5SS intron still able to pro-
duce some mature mRNA, the pre-mRNA over mRNA mutBP intron mutants (Figure 6C), nup60 exhibits a
strong synergistic effect with both mut5SS and mutBPratio remained unaffected by the deletion of MLP1, fur-
ther confirming the conclusion that Mlp1 does not affect (Figure 7B). The effect of nup60 on pre-mRNA leakage
is thus stronger, but also much less specific than thesplicing (Figure 6D).
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Figure 6. Mlp1 Retention of Pre-mRNAs Is
Mediated by the 5 Splice Site
(A) Mlp1 and SF1 interact in a RNA-depen-
dent way. Mlp1-pA was purified from OGP30-
1a (Mlp1-ProtA SF1-13myc), or from an un-
tagged control OGP28-1a (SF1-13myc alone).
SF1-13myc was detected from the total ex-
tract and from the bound fraction by Western
blotting using 9E10 antibody.
(B) Mlp1 and Mlp2 specifically interact with
SF1. SF1-13myc was purified from strains
that express ProtA-tagged Mlp1, Mlp2 and
Esc1 (OGP29-1a, OGP30-1a, and OGP31-1a,
respectively) by 9E10 antibody. Strains
OGP28-1a, YVG5, YVG7, and ARM4 were
used as controls for antibody specificity of
9E10. The total extracts and bound fractions
are blotted with -ProtA (PAP) and -myc
(9E10) antibodies. In SF1 immunoprecipi-
tates, significant levels of Mlp1 and Mlp2 can
be detected compared to trace amounts of
Esc1.
(C) Mlp1-dependent pre-mRNA retention re-
quires an intact 5SS. The mutant yeast
strains YVG1 (mlp1), YVG293 (prp18), and
the wild-type isogenic strain BMA64-1a (WT)
were transformed with the plasmid reporters
for pre-mRNA retention: no intron (pLGSD5)
or in-frame pre-mRNA (pJCR1) or 5SS mu-
tant (mut5SS) or branchpoint mutant
(mutBP) (Legrain and Rosbash, 1989; Rain
and Legrain, 1997). The cells were grown at
30C and the -galactosidase assay was per-
formed as described in Figure 3. At least two
experiments were done in triplicate and er-
rors were calculated as the cumulative maxi-
mal error from the standard deviations of the
measured values.
(D) Mlp1 does not affect splicing. Primer ex-
tension analysis was performed using oligo-
nucleotide MFR281 and total RNA from the
strains tested in Figure 6C for their Lac Z
activity respectively. LI indicates the lariat in-
termediate molecule.
effect of mlp1. This may be due to a combination of while leaving the splicing process unaffected. The dis-
tinction between the splicing and retention defects isthe nup60-dependent mislocalization of Mlp1 and an
best illustrated when the mlp1 mutation is combinedadditional direct or indirect function of Nup60 in pre-
with a weak branchpoint sequence. In a strain express-mRNA retention linked to the splicing defect. Neverthe-
ing Mlp1, we observed that the splicing of a branchpoint-less, the observed splicing defect is not sufficiently
sequence-mutated transcript (mutBP mutant) is abol-strong to account for the amount of pre-mRNA leakage
ished whereas the pre-mRNAs are still quite efficientlyin nup60 cells. We propose, therefore, that Nup60 is
retained within the nucleus (Figures 6C and 6D). In con-another component of the pre-mRNA retention machin-
trast, in absence of Mlp1, the pre-mRNAs leak mas-ery at the nuclear periphery.
sively. This shows that the pre-mRNAs that accumulate
in the mutBP mutant still retain their capacity to be
Discussion retained in an Mlp1-dependent manner, although they
cannot be spliced, clearly pointing to the distinction
Pre-mRNA Retention and Splicing Are between splicing and retention.
Functionally Distinct Processes If pre-mRNA retention and splicing are processes that
Nuclear retention of pre-mRNAs is an evolutionary con- can be functionally separated, the Mlp1 retention defect
served and ubiquitous cellular function that has re- should be enhanced in a context that increases pre-
mained largely refractory to experimentation. Our data mRNA levels in a splicing-independent manner. Indeed,
show that nuclear retention of pre-mRNAs is not only a leakage resulting from rrp6-dependent accumulation
function of splicing kinetics, but can involve physical of nuclear pre-mRNAs, which is splicing-independent,
interaction of pre-mRNAs with nuclear-peripheral struc- can be significantly enhanced by additional deletion of
tural components involving Mlp1 and Nup60. Deletion of MLP1. The ability to distinguish between intron-free and
intron-containing mRNAs becomes strikingly clear whenMLP1 induces a defect in nuclear pre-mRNA retention,
pre-mRNA Retention Is Mediated by Perinuclear Mlp1
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Figure 7. NUP60 Deletion Mislocalizes Mlp1
and Abolishes Nuclear Retention of Pre-
mRNAs
(A) Mlp1 is not associated with nuclear pore
complexes in nup60 mutant. OGP113-1a
(nup2 Mlp1-YFP), OGP114-1a (nup42
Mlp1-YFP), OGP115-1a (nup53 Mlp1-YFP),
OGP112-1a (nup60 Mlp1-YFP) bearing the
pUN100-CFP-NOP1 plasmid were grown and
examined by fluorescence microscopy for
YFP (green) and CFP (red) signals. Scale bar
is equal to 2 m.
(B) NUP60 deletion leads to pre-mRNA nu-
clear retention defect. The mutant yeast
strains YVG246 (nup60), OGP117-1a (nup2),
OGP118-1a (nup42), OGP119-1a (nup53),
and BMA64-1a wild-type strain (WT) were
transformed with the plasmid reporters for
pre-mRNA retention, no intron (pLGSD5) or
pre-mRNA in-frame (pJCR1), and pre-mRNA
retention was analyzed as in Figure 3. In addi-
tion, the WT and the nup60 strains were
transformed and analyzed for pre-mRNA re-
tention with the mut5SS and mutBP versions
of pJCR1.
the specific rrp6-mediated nuclear retention of intron- nition and is therefore efficiently retained by the process
that involves SF1. According to this interpretation, thecontaining transcripts requires the presence of Mlp1
(Figure 4C). first RNP within the spliceosome assembly pathway to
be recognized by Mlp1 is CC1, implying that the Mlp1/
pre-mRNA interaction is mediated by the 5SS region.Mlp1-Dependent Pre-mRNA Retention
via the 5 Splice Site Therefore, we propose, that Mlp1 physically retains
faulty pre-mRNAs that have been engaged in the CC1The observation that MLP1 deletion shows a strong ad-
ditive effect with the mutBP mutation but leaves the complex but have failed to proceed through splicing
before reaching the NPCs. Within this functional context,mut5SS mutant pre-mRNA unaffected, is at first surpris-
ing. However, it can be explained in the light of the deletion of MLP1 with the inferred impairment of pre-
mRNA retention would not affect viability or growth ofproposed role of Mlp1 in retention, distinct from splicing.
Indeed, a simple explanation of this observation would mutant cells as long as the splicing process proceeds
normally, thus keeping levels of these faulty pre-mRNAsbe that the approximately 5% of mut5SS pre-mRNA
that leak in the cytoplasm in wild-type cells would corre- low. Indeed, although the Mlp1-pA RNA-dependent
coimmunoprecipitation of SF1 is highly reproducible,spond to the fraction of pre-mRNAs that escaped early
intron recognition and failed to form commitment com- the fraction of SF1 that copurifies is quite small, probably
less than one percent of the total amount of SF1 inplex CC1 (Rosbash and Seraphin, 1991). These pre-
mRNAs would then be completely overlooked by Mlp1, the cell (Figure 6A). This observation, together with the
limited leakage of wild-type pre-mRNAs in mlp1 cellswhich is unable to distinguish them from intronless
mRNAs. The other fraction of 5SS-mutated transcripts (about 2–3% percent), is in accordance with the hypoth-
esis that Mlp1 is normally required for the retention ofpresumably would succeed in completing intron recog-
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only the small portion of pre-mRNAs which reached the for Mlp1 as the structural backbone of the pre-mRNA
retention machinery. The perinuclear Mlp1, rather thannuclear periphery before being spliced.
being required for mRNA export, could act as a check-
point for quality control of mRNA processing. UnsplicedNuclear Architecture and RNA Retention
pre-mRNAs would then not be the only type of “faulty”The intriguing observation that the Mlp proteins are ex-
mRNAs retained by the Mlp1, leaving a possible role forcluded from the NE adjacent to the nucleolus raises a
Mlp1 in the retention of mRNAs not properly processednumber of questions that will have to be addressed in
at their 3 end or not properly loaded with hnRNPs suchfuture work. Mlp asymmetry could be caused by the
as Sub2 (Strasser et al., 2002) or Yra1 (F. Stutz, personalclose proximity of the nucleolus to the NE, potentially
communication). Considering the more general contextposing a steric hindrance to the docking of Mlp1 and
of mRNA export, it is tempting to speculate that Mlp1Mlp2 proteins. Alternatively, Mlp proteins, which inter-
could function as a perinuclear quality control barrierface between nuclear envelope and chromatin, could be
for mRNAs prior to the NPC-based export steptethered into their asymmetric position by the combined
interaction with both NPC- and chromatin binding pro-
Experimental Proceduresteins. Indeed, a link between Mlp-proteins and chroma-
tin is implied by our previous observation that Mlp-pro-
Media and Growth Conditions
teins are involved in the perinuclear anchoring of both Yeast media and genetic techniques were previously described
Yku and Sir chromatin-associated proteins (Feuerbach (Feuerbach et al., 2002).
et al., 2002; Galy et al., 2000).
With respect to the role of Mlp1 in retention, we think Plasmids and Yeast Strains
Plasmids are described in Supplemental Data available on Cell web-that asymmetry in the structural organization of the NE
site. Yeast strains are listed in Supplemental Table S1 available onis likely to imply functional asymmetries. The asymmetry
Cell website. Deletion or tagging was performed by homologouscould indicate that export of mRNAs preferentially oc-
recombination with polymerase chain reaction (PCR) product in hap-
curs through chromatin adjacent pores, implying that loid strains (Longtine et al., 1998). Sequences of the oligonucleotides
the retention system has to be locked in place only used are given in Supplementary Table S2 available on Cell website.
Oligonucleotides 152–153, 854–855, 858–859, and 862–863 wereat these sites. The implied functional specialization of
used to delete respectively NUP60, NUP2, NUP42, and NUP53 gene.nuclear pores has previously been described (Iborra et
Oligonucleotides 168 and 169 and oligonucleotides 153 and 154al., 2000). In this model, accordingly, all NPCs would be
were used to generate a C-terminal MYC tag to Msl5 and afunctionally equivalent, however, through the interaction
C-terminal GFP tag to Nup60, respectively. Oligonucleotides 145–
with the Mlp, mRNA transport would occur preferentially 146, 2029–1992, 2028–1990 were used to generate a C-terminal
through chromatin-associated pores. ProtA tag to MLP1, MLP2, and ESC1, respectively. Strain OGP110-
1a and OGP111-1a, bearing respectively Mlp1-YFP or Mlp2-YFPThe topographies of Mlp1 and Nup60 at the nuclear
tags, were constructed in BMA64-1a background by C-terminal fu-periphery are distinct, yet both appear to be involved
sions in two steps (see Supplemental Table S1 available on Cellin mRNA retention. However, although the nup60-
website). YFP C-terminal tags were introduced using oligonucleo-dependent effect is more profound than the effect of
tides 620 and 621, oligonucleotides 622 and 623, and pFA6-YFP-
mlp1, it also lacks the splicing site mutant specificity URA3(K.l.)-Y as PCR template. Transformants were then streaked
of mlp1. NUP60 deletion, moreover, leads to some on FOA-containing medium. By homologous recombination within
YFP coding sequence, URA3 is deleted and a C-terminal taggingdefect in pre-mRNA splicing, unlike mlp1. Altogether,
is generated without modification of the 3 end sequence, leavingthe nup60-dependent pre-mRNA leakage lacks the
only the YFP coding sequence in the genome. Correct recombina-phenotypic specificity of mlp1. The data suggest that
tion was checked by PCR and by fluorescent light microscopy.the NUP60-dependent localization Mlp-proteins may be
important for retention to work properly. In addition, Coimmunoprecipitation
Nup60 and Mlp1 may collaborate in further aspects of Strains were grown in YPD at 30C to O.D.600 2.0. Mlp1-pA was
retention, involving both mutBP and mut5SS at the level purified using an IgG column as described previously (Siniossoglou
et al., 1998). Mlp1 was solubilized by adding 0.5% Triton X-100 priorof Nup60. Overall, these data clearly demonstrate that
to cell lysis with French press. RNase treatment was achieved byperinuclear, NPC-linked components are directly in-
incubation of the IgG beads with 100 g/ml RNase A for 30 min atvolved in pre-mRNA retention.
37C. Bound fractions were eluted with acid elution (Milkereit et al.,
2001). For SF1-myc co-IP experiments, yeast cells were lysed by
Mlp1 in Perinuclear Quality Control French press in buffer A (10 mM HEPES, [pH 7.5], 150 mM KCl, 1.5
A role of Mlp1 in intron-containing pre-mRNA retention mM MgCl2, 1 mM DTT, 1 mM PMSF, 0.1% Triton X-100, 10 g/ml
leupeptin, and 10 g/ml pepstatin). The lysates were centrifuged atdoes not preclude other functional commitments of Mlp-
15 krpm for 30 min at 4C. Extracts were incubated overnight withproteins at the nuclear periphery. Indeed, several inde-
9E10 antibody (Santa Cruz Biotechnology) and recovered by incuba-pendent mRNA binding proteins, including Nab2, have
tion with Protein G Sepharose beads (Amersham Pharmacia). Beads
previously been found to associate with Mlp1 (Green et were washed in buffer A and assayed by Western blotting, with
al., 2003; Strasser et al., 2002). While this initially meant -protA PAP antibodies (DAKO) and -myc E910 antibodies.
to suggest that Mlp1 proteins could play an active role
in the export of mRNAs, no such functional data could Epifluorescence Microscopy and FISH
Fluorescence microscopy was done on exponentially grown cellsbe demonstrated. MLP1 deletion, and also double dele-
washed in water. DNA was stained with Hoechst 33352 (5 ng/l) fortion of MPL1 and MLP2 in a number of independent
5 min. Samples were examined using a Leica DMRXA fluorescencelaboratories, did not reveal any detectable defect in
microscope. Fluorescent signals were collected with single band
mRNA export (Green et al., 2003; Kosova et al., 2000; pass filters for excitation of DsRed (XF137-2, Omega optical), GFP
Strambio-de-Castillia et al., 1999). Together, these ear- (GFP, Leica), YFP (XF104, Omega Optical), CFP (XF114-2, Omega
optical), and Hoechst 33352 (A, Leica). Images were acquired withlier observations are consistent with our proposed role
pre-mRNA Retention Is Mediated by Perinuclear Mlp1
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a Hamamatsu ORCAII-ER cooled CCD camera controlled by the Iborra, F.J., Jackson, D.A., and Cook, P.R. (2000). The path of RNA
Openlab software (version 3.2, Improvision) and processed using through nuclear pores: apparent entry from the sides into special-
Adobe Photoshop software (version 5, Adobe). ized pores. J. Cell Sci. 113, 291–302.
RNA fluorescent in situ hybridization (FISH) was performed using Jensen, T.H., Dower, K., Libri, D., and Rosbash, M. (2003). Early
CY3 conjugated oligonucleotides, of an equimolar mix of o-LacZ-1 formation of mRNP. License for export or quality control? Mol. Cell
and -2 for lacZ mRNA (see Supplemental Table S2 available on Cell 11, 1129–1138.
website). 50 ml of yeast cells (O.D.600 0.5–1) were fixed 1 hr at 30C Kistler, A.L., and Guthrie, C. (2001). Deletion of MUD2, the yeast
with 4% formaldehyde/0.1 M KPi. Cell walls were removed by 30
homolog of U2AF65, can bypass the requirement for sub2, an essen-
min digestion with zymolyase (5 U/ml) treatment at 30C in 0.1 M
tial spliceosomal ATPase. Genes Dev. 15, 42–49.KPi/1.2 M sorbitol buffer. LacZ mRNA hybridization was performed
Kosova, B., Pante, N., Rollenhagen, C., Podtelejnikov, A., Mann, M.,as described previously (Long et al., 1995).
Aebi, U., and Hurt, E. (2000). Mlp2p, a component of nuclear pore
attached intranuclear filaments, associates with nic96p. J. Biol.Splicing and Retention Assays
Chem. 275, 343–350.All the measurements were done with a pool of transformants. Cells
were grown on glycerol-lactate-containing medium without Uracil. Kramer, A. (1996). The structure and function of proteins involved
The -galactosidase assay was performed after induction in 2% in mammalian pre-mRNA splicing. Annu. Rev. Biochem. 65, 367–409.
galactose-containing medium for 2 hr as described in Legrain and Legrain, P., and Rosbash, M. (1989). Some cis- and trans-acting
Rosbash (1989). For the assays under restrictive conditions, the mutants for splicing target pre-mRNA to the cytoplasm. Cell 57,
galactose induction was performed at 37C for 2 hr. Before galactose 573–583.
induction, the cells were shifted to 37C for 30 min.
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